The roles of cells within the nervous system are based on their properties of excitability, which are in part governed by voltage-gated ion channels. HCN channels underlie the hyperpolarizationactivated current, I h , an important regulator of excitability and rhythmicity through control of basic membrane properties. I h is present in multiple neuronal types and regions of the central nervous system, and changes in I h alter cellular input-output properties and neuronal circuitry important for behavior such as learning and memory. Furthermore, the pathophysiology of neurological diseases of both the central and peripheral nervous system involves defects in excitability, rhythmicity, and signaling, and animal models of many of these disorders have implicated changes in HCN channels and I h as critical for pathogenesis. In this review, we focus on recent research elucidating the role of HCN channels and I h in behavior and disease. These studies have utilized knockout mice as well as animal models of disease to examine how I h may be important in regulating learning and memory, sleep, and consciousness, as well as how misregulation of I h may contribute to epilepsy, chronic pain, and other neurological disorders. This review will help guide future studies aimed at further understanding the function of this unique conductance in both health and disease of the mammalian brain.
a neuron within a network. These ion channels are further classified as ligand-or voltagegated, depending on how they are activated. Voltage-gated ion channels may be located anywhere along the axodendritic axis of a neuron, and their localization, combined with their specific functional properties, help determine their role within a given neuron (Lai and Jan, 2006) .
Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels underlie the hyperpolarization-activated current, I h , a mixed Na + /K + current that is activated by hyperpolarization rather than depolarization, despite the membership of HCN channels in the potassium channel superfamily (Robinson and Siegelbaum, 2003) . I h is conducted by four HCN channel subunits (HCN1-4) that assemble into homo-or heterotetrameric channels and are found in numerous excitable and non-excitable cell types, including many neurons of the CNS (Notomi and Shigemoto, 2004) and PNS (Dunlop et al., 2009) , cardiomyocytes (Baruscotti et al., 2005) , and taste cells (Stevens et al., 2001) . HCN channel subunits differ significantly in their biophysical properties and sensitivity to cAMP (reviewed by (Biel et al., 2009; Lewis et al., 2010; Robinson and Siegelbaum, 2003; WahlSchott and Biel, 2008) ). Voltage activation of HCN1 occurs at more depolarized potentials than HCN2-4, with HCN4 activated at the most hyperpolarized potentials. In similar order, the speed of channel activation is fastest for HCN1 and slowest for HCN4. Voltage activation of HCN4 is most dramatically depolarized by the presence of cAMP, whereas HCN1 is minimally cAMP-reponsive. Thus, the identity of HCN channels expressed within a particular cell serves to influence the overall properties of I h .
The function of I h in neurons stems from its unique ability to influence membrane properties such as resting membrane potential (RMP) and input resistance (R N ), which in turn are important for determining a given neuron's role within a circuit. In a general sense, I h plays two broad roles at the cellular level: 1) rhythmogenesis, and 2) control of dendritic integration and neuronal firing properties. Rhythmic oscillations of neuronal networks are paradigmatic of some physiological processes such as sleep, yet may also be observed in abnormal or pathological brain states, such as anesthesia or absence epilepsy (Luthi and McCormick, 1998; Pape, 1996) . The unique hyperpolarization-activation of I h permits it to act in a regenerative fashion, depolarizing neuronal membrane potential toward the firing threshold. Additionally, I h plays an important role in non-rhythmically firing cells, such as excitatory principal neurons or inhibitory basket cells of the CNS, by modulating the amplitude and timing of both input and outputs (Aponte et al., 2006; Magee, 1999; Southan et al., 2000) . These two cellular roles, rhythmogenesis and refinement of input-output properties, in turn are important on a neuronal network level.
In this review, we examine the function of I h and HCN channels in behavior and disease. We review studies aimed at understanding how I h may influence neuronal circuity designed for critical features of behavior such as learning and memory and sleep, as well as how misregulation of I h and HCN channels may contribute to disorders of neuronal networks and excitability, such as epilepsy and chronic pain.
I h in oscillatory thalamocortical neuronal networks
The thalamus consists of multiple nuclei containing a variety of types of neurons that differ in not only their cell-specific properties, such as type of neurotransmitter produced, but also in their connectivity, which may be either intrathalamic (i.e. connected to other thalamic nuclei), or extrathalamic. Two thalamic regions that express high levels of I h are the dorsolateral geniculate nucleus (Ludwig et al., 2003; McCormick and Pape, 1990 ) and the ventrobasal (VB) complex (Santoro et al., 2000; Williams et al., 1997) . In the absence of external innervation, thalamocortical (TC) neurons generate rhythmic bursts of action potentials at a frequency of 0.5-4 Hz due to I h -mediated activation of the low-threshold calcium current I T leading to sodium spikes, followed by inactivation of I T , activation of I h , and regeneration of the cycle (Luthi and McCormick, 1998; Pape, 1996) . Normally, TC neurons are inhibited by GABAergic inhibitory post-synaptic potentials (IPSPs) from the neighboring reticular thalamic nucleus (RTN), which, like TC neurons, exhibit I h mainly via expression of HCN2, Rateau and Ropert, 2006) . TC and RTN neurons are both innervated by excitatory cortical inputs, and TC neurons also reciprocally project to the RTN, establishing a relatively simple circuit capable of generating oscillatory activity important for brain states discussed below (Steriade, 2005) . Neocortical layer V pyramidal neurons also express high levels of I h , with HCN channels comprised mostly of HCN1 (Notomi and Shigemoto, 2004) . Thus, TC and corticothalamic (CT) connections are critical for gating information to the neocortex, and thus thought to be highly involved in defining states of consciousness, including sleep, arousal, and anesthesia (Franks, 2008) . The relationship of these states to I h and HCN channels are reviewed below.
Sleep and arousal
A major finding on electroencephalography (EEG) during non-rapid eye movement (non-REM) sleep in humans is coordinated rhythmic firing characterized by delta and spindle waves generated in the thalamus (Luthi and McCormick, 1998; McCormick and Bal, 1997) . Delta waves, which have a frequency of 0.5-4 Hz, stem from the rhythmic interplay of I h , I T , and Na + spikes described above. Spindle waves, which are characterized by one to three second regularly spaced periods of 6-14 Hz activity superimposed on delta waves, are generated by the interaction of inhibitory neurons of the RTN and excitatory TC neurons (McCormick and Bal, 1997; McCormick and Pape, 1990) . Rebound low-threshold Ca 2+ spikes are generated in TC neurons following a subset of IPSPs mediated by GABA A receptors, which serve to remove inactivation of I T . Via a reciprocal excitatory connection, TC neurons subsequently fire a barrage of excitatory post-synaptic potentials (EPSPs) onto RTN neurons, restarting the cycle, which occurs at the observed frequency of spindle waves (McCormick and Bal, 1997) . The slow kinetics of I h are in part responsible for the periodicity of spindle waves (Bal and McCormick, 1996; McCormick and Pape, 1990) .
Recently, Kanyshkova et al. examined the expression of HCN channels and I h during development in rat TC neurons and correlated them with TC sleep patterns (Kanyshkova et al., 2009) . During postnatal development between the third postnatal day (P3) and roughly four months of age, I h current density in TC neurons was increased by 5.5-fold, the halfmaximal voltage of activation (V 50 ) was either unchanged or slightly hyperpolarized, and activation was significantly slowed. These changes were accompanied by decreased cAMP sensitivity. Molecularly, HCN1 and HCN2 protein was significantly increased with no significant change in HCN4, shifting the ratio of HCN1/HCN4 and HCN2/HCN4 subunits to higher values with age, although high levels of HCN4 expression persisted. Using EEG analysis, rats were found to develop differences in sleep and awake rhythms, such as slowwave oscillations in non-REM sleep, beginning at P12, while at P7, there was little variation between the two states. Interestingly, computational modeling of a simple reciprocally connected TC/RTN neuron circuit demonstrated that oscillatory activity was highly dependent on I h current conductance, and that when current was decreased to ~50% of adult levels, oscillations disappear. With these decreased current densities however, depolarizing the V 50 by 15 mV led to the resumption of oscillatory activities. The authors correlated these findings with in vivo EEG results, whereby near P12, but not younger, the I h current density and cAMP sensitivity permitted the commencement of slow wave oscillations during non-REM sleep (Kanyshkova et al., 2009 ).
These results further the understanding of the molecular basis of HCN channels in generating sleep-related oscillatory activity in the thalamus. Research has also focused on understanding the role of I h in the transition between firing modes of TC neurons, specifically via monoaminergic nerve fibers innervating the thalamus from the brainstem, hypothalamus, and basal forebrain. The fibers, which signal using serotonin, noradrenaline, and histamine, enhance I h in TC neurons (McCormick, 1992; Sun et al., 2003) . In addition to monaminergic neurotransmitters, more recent research has found that peptides via multiple peptidergic connections to the thalamus may also influence I h and TC firing modes. For example, vasoactive intestinal polypeptide (VIP) and pituitary adenylate cyclaseactivating polypeptide (PACAP) are either expressed within the thalamus or by fibers innervating the thalamus (Sun et al., 2003) . Application of these peptides in vitro to rat brain slices depolarized TC neuron RMP and decreased R N by activation of I h , ultimately shifting the firing mode of these neurons from bursting to tonic (Sun et al., 2003) . The activation resulted from a depolarizing shift in I h V 50 , most likely resulting from increased cAMP levels following activation of PAC 1 receptors. As both VIP and PACAP have been experimentally shown to play a role in the determination of REM sleep duration (Bourgin et al., 1997; Fang et al., 1995) , endogenous neuropeptide control of I h may be an important mechanism for regulation of sleep. Oppositely, orexin A, a peptide implicated in arousal, has recently been shown to inhibit I h in layer V pyramidal neurons of the mouse prelimbic cortex (Li et al., 2009 ). The authors showed that orexin A, presumably through inhibition of I h , enhanced the excitability of these neurons and may promote wakefulness, although further experimentation is required to definitively link orexin A's actions to I h and HCN channels.
Anesthesia
As we have briefly reviewed, HCN channels and I h in TC neurons impart critical membrane properties that facilitate synchronous oscillations required for sleep. It thus follows that I h could be involved in the neural circuitry underlying anesthesia, a state with significant parallels to sleep that involves TC and CT neuronal circuits (Franks, 2008) . Because inhibition of cortical or thalamic I h may be sufficient for initiating the switch from tonic to burst firing of thalamic relay neurons, multiple studies have examined whether commonly used anesthetics may inhibit I h in either cortical or TC neurons. Indeed, the anesthetics halothane (Chen et al., 2005b) , isoflurane (Chen et al., 2009b) , ketamine (see below), and propofol (see below) all are capable of inhibiting I h current amplitude and/or hyperpolarizing I h V 50 . Here we review evidence for the action of the anesthetics ketamine and propofol on I h and HCN channels.
Ketamine is a commonly used drug for anesthesia and analgesia in medical settings, and is used illicitly for recreational purposes. Previous work has commonly ascribed ketamine's hypnotic function to its ability to non-competitively antagonize NMDA receptors at clinically relevant concentrations, yet experiments to prove this mechanism of action have not done so conclusively (Kelland et al., 1993; Petrenko et al., 2004) . Chen et al. explored a potential effect of ketamine on HCN channels using both in vitro and in vivo experiments (Chen et al., 2009a) . In HEK293 cells expressing HCN1 or HCN2 channels, as well as layer V cortical pyramidal cells (which predominantly express HCN1 and HCN2 subunits), treatment with a clinically-relevant level of ketamine caused a significant inhibition of I h selectively through blockade of the HCN1 subunit, without inhibiting HCN2 (Chen et al., 2009a) Mice lacking HCN1 were also significantly more resistant to ketamine-induced loss of righting reflex (LORR) compared to wildtype mice. The authors hypothesized that ketamine induces its hypnotic effect by inhibition of cortical I h , reduction of I h -dependent dendritic shunting, and enhancing synaptic integration, leading to increased cortically-driven slow oscillatory activity (< 1 Hz) and hypnosis (Chen et al., 2009a) .
The ability of propofol, another anesthetic that inhibits HCN1 (Chen et al., 2005a) , to cause LORR was also significantly reduced in HCN1 knockout mice (Chen et al., 2009a) . Multiple studies have implicated propofol in modulating I h in both cortical pyramidal neurons as well as TC neurons. Cacheaux et al. found that clinically relevant concentrations of propofol inhibited I h or slowed activation kinetics of HCN1, HCN2, and HCN4 in heterologous cells, with the greatest effect on HCN1 (Cacheaux et al., 2005 ). Propofol's anesthetic action likely involves TC neurons of the VB complex . In these neurons, propofol significantly hyperpolarized I h V 50 in a cAMP-independent manner, decreased I h conductance, and slowed activation kinetics, with some of these changes in I h lasting at least three hours following injection of an anesthetic dose (Cacheaux et al., 2005; Ying et al., 2006) . Propofol also decreased the frequency and regularity of thalamic oscillations induced by tetanic stimulation of CT fibers in a manner identical to the HCN channel blocker ZD7288 . These results suggest that propofol may induce anesthesia by I hmediated changes in TC activity.
Studies have also shown that propofol acts on I h in neocortical neurons. Chen et al. found application of 5 μM propofol substantially slowed I h activation and inhibited I h via hyperpolarization of V 50 as well as caused a decrease in maximal available current (Chen et al., 2005a) . Propofol hyperpolarized RMP and also decreased excitability, requiring more current input to achieve action potentials. This study, as well as other reports, found that in heterologous cells expressing recombinant HCN channel subunits, propofol was significantly selective for modifying I h via HCN1 (Cacheaux et al., 2005; Chen et al., 2005a; Lyashchenko et al., 2007) .
Although the mechanism underlying the inhibition of HCN1 channels by ketamine remains unknown, propofol's specificity for HCN1 has been studied. Propofol interacts with the conserved core domain of HCN1, as it was able to impart similar effects to channel opening, closing, and voltage gating on both wildtype HCN1 channels as well as a mutant channel lacking both the N-terminus and the C-terminus including the CNBD and C-linker (Lyashchenko et al., 2007) . Propofol acts similarly whether applied intra-or extracellularly, and preferentially binds to closed-resting and closed-activated states (Lyashchenko et al., 2007) . Propofol is structurally distinct from ketamine, so whether ketamine might share similar mechanisms with propofol remains to be determined by future studies.
I h in learning and memory
One of the most important roles of neurons is integrating multiple synaptic inputs into a distinct output signal. This process is dependent upon the processing abilities of dendrites, which relies on not only dendritic morphology, but also the expression of voltage-gated ion channels (Magee and Johnston, 2005) . Voltage-gated ion channels thus play a critical role in the induction and maintenance of synaptic and non-synaptic plasticity, which are thought to be important cellular correlates of learning and memory (Magee and Johnston, 2005) . I h and HCN channels are highly expressed in the dendrites of multiple neuronal types, and figure prominently in the regulation of spatiotemporal inputs. In pyramidal neurons of hippocampal CA1 and neocortical layer V, I h serves to dampen temporal summation of multiple synaptic inputs at the soma and sharpen the waveform of postsynaptic potential (Berger et al., 2001; Magee, 1999; Williams and Stuart, 2000) . Furthermore, these effects are non-uniform throughout the dendrite, and thus I h serves to normalize the effects of inputs regardless of their site on the dendritic tree. These neurons exhibit a striking distal dendritic enrichment of I h and HCN channel proteins (Lorincz et al., 2002; Magee, 1998; Notomi and Shigemoto, 2004; Williams and Stuart, 2000) , which was thought to underlie the ability of I h to normalize inputs at differing dendritic locations. Studies of Purkinje cells, which express high levels of HCN1, have shown they do not express a distal gradient of I h , yet also display a dampening of temporal summation that is location independent (Angelo et al., 2007) .
Thus, temporal summation properties appear to be controlled by the total number of HCN channels, while local dendritic processing is sensitive to HCN channel distribution (Angelo et al., 2007) . These properties of I h are important for understanding its contribution to certain elements of learning and memory.
Motor learning and memory
The first study of I h in motor learning was performed using mice with genetic deletion of HCN1 (Nolan et al., 2003) . These mice had either a global HCN1 knockout, or knockout restricted to the forebrain, and thus permitted an analysis of the importance of HCN1 in cerebellar function. Global HCN1 knockout mice had normal basic motor function, including ability to remain on a slow, constant speed rotarod. Interestingly, HCN1 knockout mice demonstrated deficits in their ability to learn to swim to a visible platform, despite having comparable abilities to wildtype mice on the initial trial, suggesting a defect in learned motor coordination. Similarly, on an accelerating rotarod test, HCN1 knockouts performed equally as well as controls on initial testing (Fig. 1A, B) . However, after training, HCN1 knockout mice did not learn to balance as well on the rotating rod as controls, and repeat testing using forebrain-restricted HCN1 knockout mice demonstrated that this learning defect was forebrain-HCN1 independent, as the region-specific knockout mice learned the rotarod task similarly to controls. The defects in motor learning in global HCN1 knockout mice were most prominent at faster rotarod speeds. Tests of eyeblink conditioning showed that HCN1 knockout mice did not have differences in acquisition or extinction of the conditioned response, but did show shortened latency to the peak of the conditioned response. Taken together, HCN1 appeared to be required for a specific subset of motor learning and memory, involving fast and repeated coordinated movements.
Nolan and colleagues used cellular physiology within the cerebellum to dissect how HCN1 may be required for this specific set of tasks by examining Purkinje cells, which express high levels of HCN1 (Notomi and Shigemoto, 2004; Santoro et al., 2000) . Purkinje cell membranes from HCN1 knockout mice showed decreased slope conductance at potentials of −50 mV to −70 mV, which led to altered responses to inputs below threshold for spontaneous spiking (Nolan et al., 2003) . Bidirectional current ramps beginning with hyperpolarization (and abolition of spontaneous spiking) followed by depolarization revealed remarkable differences between cells with and without HCN1. Beginning with a silent, non-spiking state, HCN1 knockout Purkinje neurons required more time to begin spiking, displayed a greater spiking frequency, and had a greater current threshold for the first spike. Furthermore, the current threshold and instantaneous spiking of wildtype Purkinje cells was similar regardless of the prior state, either spiking or silent, while these properties in HCN1 knockout cells were dramatically dependent upon the previous state (Fig. 1C) . Taken together, Nolan et al. were able to correlate a specific deficit in a set of behavioral tasks to a deficit in the integrative properties of Purkinje cells, and hypothesized that proper motor learning was blocked by a decrease in LTD at parallel fiber synapses due to prolonged hyperpolarization (Nolan et al., 2003) . These findings are of great importance in not only demonstrating a specific role for the HCN1 channel, but also in showing that in addition to synaptic plasticity, non-synaptic properties of neurons are important for learning and memory processes. Future experiments in which HCN1 is selectively deleted from Purkinje neurons could allow experimenters to pinpoint whether all of the observed motor learning phenotype stems from loss of HCN1 in Purkinje neurons, or from other regions of the brain outside of the forebrain.
Spatial learning and memory
We have previously discussed the importance of I h for motor learning and focused on cerebellar Purkinje neurons. Now we focus on spatial learning and memory, a more long-term form of learning and memory that requires an intact hippocampus (Morris et al., 1982) . Area CA1 of the hippocampus expresses significant levels of I h , mediated primarily by HCN1 and HCN2, with current densities and protein levels increasing as a function of distance from the cell body in the apical dendrite (Lorincz et al., 2002; Magee, 1998; Notomi and Shigemoto, 2004) . Although this distal dendritic enrichment does not appear to be required for I h 's ability to decrease temporal summation of distal inputs, it is nonetheless important for processes occurring locally to the site of inputs (Angelo et al., 2007) , and the origin of inputs to distal dendrites of CA1 pyramidal neurons differs from the origin of more proximal inputs. Nolan et al. sought to understand how I h might be important in learning and memory in the hippocampus (Nolan et al., 2004) . These studies assessed the importance of forebrain HCN1 on tasks of spatial learning and memory as well as how I h through HCN1 contributes to network activity known to be important for learning and memory. Mice lacking forebrain HCN1 (HCN1 f/f,cre ) were tested for spatial memory using multiple water maze paradigms. With a four day, four trials per day test to find a submerged platform beginning with a 15 s priming procedure prior to the first spatial learning trial, HCN1 f/f,cre surprisingly learned the task faster than the HCN1 f/f control group, although both groups demonstrated similar final levels of performance (Fig. 1D, E) (Nolan et al., 2004) . This difference however was dependent upon the priming procedure. When the same test was performed with only one trial per day, HCN1 f/f,cre mice also showed reduced path length to the submerged platform, which was not dependent upon a priming procedure. Thus, deletion of forebrain HCN1 enhanced both short-term and long-term forms of spatial memory.
Mechanistically, how might forebrain HCN1 subunits contribute to these behavioral observations? Hippocampal theta rhythm results from the concerted firing of neuronal populations at a frequency of 4-10 Hz, and is believed to be important for learning and memory processing in both rodents and humans (reviewed by (Buzsaki, 2002) ). In the hippocampus, emergence of theta rhythm is likely due to the relationship between synaptic inputs and neuronal intrinsic electrical properties, such as resonance (Hu et al., 2002; Hutcheon and Yarom, 2000) . Resonance refers to the ability of neurons to respond to inputs at specific, preferred frequencies, and CA1 pyramidal neurons in rodents show resonance at 2-7 Hz, roughly corresponding to the theta band (Leung and Yu, 1998; Pike et al., 2000) . Hu et al. determined that two forms of theta-resonance exist in CA1 neurons, with one observed at potentials between −70 mV and −50 mV, and the other at more hyperpolarized potentials between −75 mV and −95 mV (Hu et al., 2002) . The depolarized resonance form is due to the M-current, I M , and the persistent sodium current, I NaP , while the hyperpolarized resonance form is due to I h (Hu et al., 2002 ). Narayanan and Johnston demonstrated that resonance due to I h was not absolutely uniform but rather depended upon a number of factors, including membrane potential, somatodendritic location, and activity, with increased resonance frequency observed at more distal sites on the dendrite corresponding with increased I h density (Narayanan and Johnston, 2007) . Resonance frequency was also increased by induction of activity-dependent, long-term plasticity (Narayanan and Johnston, 2007) . It is thus likely that deletion of HCN1 would significantly alter the intrinsic resonant properties of CA1 pyramidal neurons and alter the properties of hippocampal theta rhythms in HCN1 f/f,cre mice. Along these lines, non-genetic disruption of I h has been shown to subtly yet specifically alter the theta rhythm (Kocsis and Li, 2004; Nolan et al., 2004) . Injection of ZD7288 to block I h in the medial septum of rats led to a decrease in theta frequency during waking motor activity and REM sleep, as well as in urethane-anesthetized rats either spontaneously or following pontine reticular formation stimulation (Kocsis and Li, 2004) .
In CA1 of mice with HCN1 deletion, theta power was enhanced during wheel running and REM sleep, a change likely resulting from loss of HCN1 attenuation of low frequency inputs (Nolan et al., 2004) . In HCN1 f/f,cre mice, somatic recordings of EPSPs generated by stimulation of Schaffer collaterals changed the EPSP area but not amplitude. In contrast, EPSPs generated by stimulation of the perforant path exhibited both increased EPSP area and amplitude in HCN1 f/f,cre mice. Remarkably, in HCN1 f/f,cre mice LTP amplitude was also enhanced at perforant path synapses but not at Schaffer collateral synapses (Fig. 1F ) (Nolan et al., 2004) . Because Schaffer collateral synapses occur more proximally than perforant path synapses, the distal dendritic gradient of I h and HCN1 in CA1 pyramidal neurons could explain the significant differences in effects of HCN1 deletion on LTP from these two pathways. Specifically, deletion of I h leads to membrane hyperpolarization that enhances distal Ca 2+ transients by removing resting inactivation of T-and N-type Ca 2+ channels, facilitating LTP only at distal inputs with high levels of I h (Tsay et al., 2007) .
Working memory
Neurons of the prefrontal cortex (PFC) have primarily been implicated in underlying WM (Goldman-Rakic, 1999 ). These neurons demonstrate sustained tonic firing in response to "memory fields", which are similar to the receptive fields of sensory neurons, such that they specifically fire in response to preferred content (Goldman-Rakic, 1999) . Because of its time course, WM is thought to be supported by network activity within the PFC from recurrent excitatory connections rather than by synaptic plasticity, as well as potentially by intrinsic mechanisms (Day et al., 2005; McCormick et al., 2003; Shu et al., 2003) . Thus, a major theme underlying studies of the cellular mechanisms of WM involves examining how signaling of PFC neurons may be modified. Because I h participates substantially in the regulation of synaptic integration, it is a natural candidate for playing an important role in WM. Indeed, pyramidal neurons in the rodent homolog of the PFC, the prelimbic and infralimbic pyramidal neurons (PPNs), express a robust I h that appears to mainly be carried via HCN1 and HCN1/HCN2 heteromers, as suggested by I h kinetics as well as molecular studies (Day et al., 2005; Wang et al., 2007) . In these neurons, I h is complemented by expression of Kir2 channels (Kir2.2 and Kir2.3) and K leak channels (KCNK3 and KCNK9), and the addition of these K + conductances sets membrane potential in a range that allows I h to regulate synaptic integration and inhibit temporal summation of EPSPs (Day et al., 2005) . Thus, modulation of any of these channels within these neurons may lead to changes in synaptic integration important for WM. The α2A-adrenoreceptor (α2A-AR) appears to be one mechanism by which I h is modified in PFC pyramidal neurons. Activation of α2A-ARs by norepinephrine can strengthen WM (Arnsten and Goldman-Rakic, 1985; Franowicz et al., 2002; Wang et al., 2007) , while blockade dramatically impairs WM (Li and Mei, 1994; Wang et al., 2007) , and increased levels of cAMP have also been found to impair WM (Wang et al., 2007) . Wang et al. found that inhibiting I h with ZD7288 in PFC of monkeys performing an oculomotor spatial delayed response task increased delay-related firing in both weak-spatially tuned neurons as well as neurons well-tuned for preferred direction (Fig.  1G) (Wang et al., 2007) . The effect of yohimbine, an α2A-AR-antagonist that serves to inhibit delay-related firing, as well as the PDE4 inhibitor etazolate, a compound that serves to increase cAMP levels and also inhibit delay-related firing, was reversed by the selective I h inhibitor ZD7288, suggesting that modulation of I h may be a common endpoint for the mechanism of α2A-ARs and cAMP on WM. At the network level, recordings from ferret PFC demonstrated that blockade of I h with ZD7288 dramatically increased the recurrent network activity of the up state, most likely through an enhancement of the ability of synaptic connections to generate action potentials. Inhibition of I h in rat PFC via either ZD7288 or virally-delivered siRNA knockdown of HCN1 significantly enhanced ability in behavioral tests of spatial WM. Remarkably, immuno-electron microscopy for HCN1 and α2A-ARs in primate PFC revealed significant colocalization of the two proteins on distal dendritic spines of pyramidal neurons (Fig. 1H) . Taken together, the findings of Wang et al. coalesce into a straightforward model for the role of I h in WM. Specifically, α2A-AR activity modulates the levels of cAMP locally in regions containing HCN channels, and this control of I h regulates network activity, with high levels of I h decreasing network activity, and low levels of I h increasing network activity and strengthening WM (Wang et al., 2007) . Additional studies have surprisingly revealed that activation of α2-noradrenergic receptors does not inhibit I h through the classical mechanism of adenylate cyclase inhibition by G α i but rather via the phospholipase C-protein kinase C (PLC, PKC) activated by G βγ , yet it remains unknown wheather this activation is through actions of PKC on the channel itself or through an intermediary (Carr et al., 2007) . Finally, a recent report has shown that inhibition of I h in the region, a manipulation that impairs the hippocampal theta rhythm, significantly impaired performance on a test of working memory (spontaneous alternations) but not a test of emotional long-term memory (continuous multiple trial inhibitory avoidance) (Cisse et al., 2008) . I h thus appears to play an important role in WM within multiple brain regions.
Misregulation of I h in neurological disorders
So far we have reviewed physiological processes that depend on HCN channels and I h to regulate membrane properties leading to specific oscillatory activity in groups of neurons as well as fine-tuning of synaptic integration. The study of I h and basic membrane properties reinforces that concept that modest changes in neuronal circuits may have a considerable impact. For example, deletion of HCN2 in mice hyperpolarizes the RMP in TC neurons bỹ 12 mV (Ludwig et al., 2003) . This change dramatically alters the firing profile of TC neurons from tonic to bursting, and mice lacking HCN2 demonstrate absence epilepsy (Chung et al., 2009; Ludwig et al., 2003) . Additionally, cases of human cardiac disease have been linked to a specific mutation in hHCN4 leading to sinus bradycardia (Milanesi et al., 2006; Schulze-Bahr et al., 2003) . Recently, multiple studies have suggested that mutations in hHCN1 and hHCN2 channel genes may be important in patients with epilepsy syndromes. A cohort of unrelated patients with idiopathic generalized epilepsy identified numerous variants of hHCN1 and hHCN2 that may result in altered channel assembly or voltageconductance relationship (Tang et al., 2008) . Furthermore, a screen of patients with febrile seizures (FS) or genetic epilepsy with febrile seizures plus (GEFS+) found a significantly increased frequency of a triple proline deletion in hHCN2, and functional analysis in oocytes demonstrated this mutation enhances I h current by ~35% (Dibbens et al., 2010) . Thus, mutations in human HCN channel genes may enhance neuronal excitability, contributing to the pathogenesis of these epilepsy syndromes. In some cases, genetic mutations might compliment "h-channelopathies", which can be defined as transcriptional, translational, regulatory, or trafficking deficits leading to an altered expression of I h in neurons (Poolos, 2005) , to result in either the onset or maintenance of an epilepsy syndrome. Here we review some of the studies suggesting h-channelopathy may play a role in epilepsy and pain, although additional neurological diseases may also result from abnormal I h (Table 1) .
Epilepsy
Although epilepsy is a heterogeneous disease, at its root it is a disorder of neuronal excitability. Thus, defects in channels (such as HCN channels) that serve to regulate neuronal excitability and influence other ionic conductances are well situated to either cause or contribute to epileptogenesis. Here we briefly review evidence for h-channelopathy in FS, temporal lobe epilepsy (TLE), and absence epilepsy, three common forms of epilepsy that affect both children and adults.
Initial evidence suggesting that I h may be altered in epilepsy and seizure disorders came from animal models of FS. These experiments demonstrated that a neurological insult such as FS induced long-lasting changes in I h promote enhanced excitability and seizure susceptibility later in life. Chen et al. examined rat pups that had experienced hyperthermic seizures after raising their core temperature to 40-41.5 °C, simulating human children with significant fever (Chen et al., 1999) . In rats that had undergone hyperthermic seizures one week prior to experiments, field recordings in area CA1 from Schaffer collateral stimulation demonstrated a surprising decrease in amplitude that was abolished by bicuculline treatment, suggesting a GABA A -mediated mechanism (Chen et al., 1999) . Further experiments showed that this increased inhibition in field recordings was due to presynaptic upregulation of IPSPs, which persisted 10 weeks following seizures (Chen et al., 1999) . Exploring the unconventional concept that enhanced inhibition might underlie epilepsy in FS, Chen et al. found that I h was also significantly altered in this rodent FS model (Chen et al., 2001a) . The V 50 of I h in CA1 pyramidal neurons was depolarized by ~3 mV both one week and nine weeks following experimental seizures, leading to both depolarized RMP and decreased R N . The enhanced I h interacted with the augmented inhibitory input so that bursts of inhibitory input led to increased post-inhibitory rebound depolarization and cell firing (Chen et al., 2001a) . Because rats treated with this paradigm are indeed more susceptible to chemoconvulsants such as kainic acid (Dube et al., 2000) and exhibit spontaneous seizures later in life (Dube et al., 2006) , these results suggest that I h modification may contribute to spontaneous seizures later in life of humans who experienced FS as children.
Because the changes in I h following experimental FS persisted for weeks to months and were cAMP-independent (Chen et al., 2001a) , experiments have examined whether transcriptional changes could account for such long-lasting modifications. Since multiple HCN channel subunits contribute to I h , relative changes in any one or combination of subunits could dramatically alter the properties of the overall I h by changing the stoichiometry of heteromeric HCN channels (Chen et al., 2001b) . Rats that underwent FS showed regional changes in hippocampal HCN channel subunit transcripts compared to controls, whereas Hcn1 mRNA was decreased only in CA1 with no change in area CA3, while Hcn2 mRNA was increased in both CA1 and CA3, and Hcn4 was unchanged in either region (Brewster et al., 2002) . The changes in Hcn1 and Hcn2 were also dependent upon rats actually having seizures, as no changes in mRNA levels were observed in rats that were made hyperthermic but also treated with pentobarbital to prevent seizures (Brewster et al., 2002) . The mRNA changes in Hcn1 but not Hcn2 were long lasting, remaining apparent three months after FS. In addition to regulating transcription of HCN channel subunits, FS appears to influence heteromerization of HCN1 and HCN2 protein (Chen et al., 2001b) . Induction of FS in young rats led to significantly increased interaction between HCN1 and HCN2 proteins as measured by reciprocal co-immunoprecipitation experiments, a longlasting (at least 8 weeks) finding again requiring seizure activity specifically rather than just hyperthermia (Brewster et al., 2005) . In agreement with mRNA levels, western blots for HCN1 showed decreased protein levels in experimental rats. However, HCN2 protein was unaffected despite a significant increase in Hcn2 mRNA, a finding the authors proposed could result from increased HCN2 protein turnover. The findings thus suggested an enhanced HCN2/HCN1 ratio and a potential mechanism for the increased heteromerization between HCN2 and the typically more abundant HCN1 (Brewster et al., 2005) . Taken together, these studies demonstrated that changes in mRNA and protein levels of HCN channel subunits occur after experimental FS in young rats, although these biochemical results do not suffice to comprehensively explain the observed enhancement in I h . Other regulators of I h distinct from altered HCN channel subunit levels are also likely to be involved.
While models of FS generated initial interest in the relationship between HCN channels and epilepsy, chemoconvulsant models of the most common cause of intractable epilepsy in adults, TLE, have provided a wealth of reports that demonstrate both changes in HCN channels and I h following experimental seizures, as well as changes in seizure susceptibility following manipulations of HCN channel subunits. Chemoconvulsant models of TLE involve administration of kainic acid or pilocarpine to an animal resulting in a prolonged seizure episode (status epilepticus, SE), followed by a seizure-free latent period and ultimately the onset of spontaneous seizures (Williams et al., 2007) . These studies in general (but not always, see (Dyhrfjeld-Johnsen et al., 2008) ) point to a role for I h as an antiexcitatory influence on neuronal function, whereby its loss increases cellular excitability and may contribute to development of spontaneous seizures. In entorhinal cortex (EC) layer III pyramidal neurons, which provide excitatory input to the hippocampus, kainic acid seizures significantly enhanced excitability and reduced I h within 24 hours and lasted for at least one week ( Fig. 2A) (Shah et al., 2004) . These changes were accompanied by an early decrease of HCN1 and HCN2 protein but normal protein levels after one week (Fig. 2B) . Thus, although reduction of HCN subunits was implicated early in epileptogenesis, a functional deficit in these channels in EC layer III neurons remained one week following SE, likely resulting from post-translational mechanisms (Shah et al., 2004) . Studies from human patients with chronic epilepsy have also shown changes in hippocampal HCN1 and HCN2 mRNA and protein. In patients with marked hippocampal sclerosis and dentate gyrus granule cell loss, HCN1 mRNA and protein was markedly upregulated compared to autopsy controls or epilepsy patients without hippocampal sclerosis, while HCN2 mRNA did not change significantly in any of the epileptic patients (Bender et al., 2003) . Within the same study, many of the findings from human tissue were recapitulated by pilocarpine-treated rats (Bender et al., 2003) .
Decreased I h through loss of HCN channel subunits has been found with the pilocarpine model of TLE. Jung et al. examined the relationship between seizure onset after pilocarpine administration and I h and HCN channel protein in area CA1 of the hippocampus (Jung et al., 2007) . Interestingly, about half of animals undergoing pilocarpine-induced SE evidenced spontaneous seizure activity within one week, and almost all (91%) of animals had a spontaneous seizure by 5 weeks (Jung et al., 2007) . In CA1 neurons, dendritic I h was downregulated within one week as well as after 5 weeks, and HCN1 and HCN2 channel protein levels were both decreased during the acute one-week period, although only HCN1 remained reduced after 5 weeks (Fig. 2C) . To determine whether the downregulation of I h and HCN channel proteins during the acute period was due to ongoing seizure activity after SE, rats were treated with pentobarbital after SE induction, which reduced spontaneous seizures. These rats also demonstrated downregulation of I h current, HCN1, and HCN2 proteins, but surprisingly no change in V 50 , suggesting that ongoing seizure activity is required to modify I h voltage gating but not current density or HCN channel protein expression (Jung et al., 2007) . Importantly, in this model downregulation of I h translated functionally into increased cellular excitability. A mechanism to explain altered I h voltage gating after seizures has recently been published that identifies enhanced calcineurin (CaN) activity as a mediator of I h V 50 hyperpolarization in chronically epileptic animals following pilocarpine administration (Jung et al., 2010) . In control slices, activation of CaN hyperpolarized I h V 50 in CA1 pyramidal neuron dendrites by ~14 mV with no change in maximal current amplitude. Blockade of CaN activity, as well as activation of p38 MAPK, in slices prepared from chronically epileptic animals partially reversed the hyperpolarized V 50 (Jung et al., 2010) .
Other studies have found not a downregulation of HCN channel protein after chemicallyinduced SE but rather a mislocalization, suggesting that trafficking of HCN channels may be involved in epileptogenesis. Shin et al. utilized a model of TLE in which SE induced by kainic acid was terminated after one hour by pentobarbital to limit neuronal death, and found bidirectional changes in HCN channel surface expression and physiological function, without significant changes in total HCN channel expression (Shin et al., 2008) . One to two days following SE, somatic I h was upregulated in CA1 pyramidal neurons, a change likely mediated by increased neuronal surface expression of HCN1 protein. However, similar to findings in the pilocarpine model, one month following SE, somatic I h was unchanged, but dendritic I h was dramatically reduced, in this case due to decreased neuronal surface expression of both HCN1 and HCN2 subunits. These changes in surface expression were accompanied by a surprising redistribution of HCN1 and HCN2 subunits in CA1 dendritic fields, with both proteins being mislocalized to the stratum pyramidale, and HCN1 significantly removed from distal dendrites (Fig. 2D) . These changes one month after SE were accompanied by a decreased association of HCN1 (but not HCN2) with the HCN channel auxiliary subunit TRIP8b, an alternatively spliced protein that controls both biophysical and trafficking properties of HCN channels Santoro et al., 2009; Santoro et al., 2004; Shin et al., 2008; Zolles et al., 2009) .
Recent experiments have also examined whether animals lacking HCN channels are more susceptible to seizures or development of epilepsy (Huang et al., 2009; Santoro et al., 2010) . While HCN1 knockout mice do not have baseline epileptic activity (Huang et al., 2009 ), they had a significantly reduced time to reach SE after administration of 20 mg/kg kainic acid, and the dose was lethal in all HCN1 knockouts but in no wild type mice (Huang et al., 2009) . Using 10 mg/kg (a dose that does not cause SE in wildtype mice but sufficient to incite SE in knockouts without causing lethality) HCN1 knockout mice also demonstrated spontaneous seizures much more quickly after SE than wildtypes given twice this dose (Fig.  2E) (Huang et al., 2009) . Similar findings of increased seizure susceptibility and death were also found with HCN1 knockout mice using the kindling and pilocarpine models (Santoro et al., 2010) . These animal studies have recently been complimented by studies of human cortical tissue from patients with either TLE or frontal lobe epilepsy undergoing epilepsy surgery, which demonstrate a reduction of I h in epileptic neocortical neurons correlating to the clinical severity of epilepsy (Wierschke et al., 2010) .
Results from animal models of FS and TLE are not the only evidence for h-channelopathy in epilepsy. Absence epilepsy, a primary generalized epilepsy commonly seen in human children, may also involve changes in I h and HCN channels. As discussed previously in this review, I h in neurons involved in TC and CT communication is important in consciousness processes such as sleep and anesthesia. Absence seizures may also be thought of as brief departures from consciousness, and as such were hypothesized to involve dysfunctional I h . Mice lacking HCN2 either from targeted or spontaneous knockout suffer from profound absence epilepsy characterized by both behavioral arrests and spike-wave discharges thought to arise due to a change in firing mode from tonic to burst in TC neurons (Chung et al., 2009; Ludwig et al., 2003) . Two-photon calcium imaging in thalamic slices demonstrated significant oscillatory activity in HCN2 knockout mice, but not in wildtype mice, and the oscillatory activity was dependent upon T-type Ca 2+ -channel activation (Ludwig et al., 2003) . Absence epilepsy in HCN2 knockout mice is suppressed by ethosuximide treatment, similar to the human condition (Chung et al., 2009; Ludwig et al., 2003) . Additional evidence for I h dysfunction in TC neurons is provided by analysis of the WAG/Rij rat genetic model of absence epilepsy. In these animals, the V 50 of TC neuron I h is hyperpolarized due to a change in cAMP responsivity, which is due to an upregulation of HCN1 mRNA and protein (Budde et al., 2005) . Thus, absence epilepsy in these rats likely involves a mechanism whereby the firing mode of TC neurons can no longer effectively be regulated by cAMP, impairing the termination of burst firing (Budde et al., 2005) .
Dysfunction of neocortical I h has also been found in the WAG/Rij rat, suggesting that both thalamic and cortical I h may be misregulated to facilitate synchronization and absence epilepsy. Layer 2/3 somatosensory cortical pyramidal neurons from WAG/Rij rats demonstrated decreased I h current amplitude, slowed I h activation kinetics, and a depolarized V 50 compared to non-epileptic rat controls (Strauss et al., 2004) . These changes affected EPSP properties as well as firing mode, leading to increased burst firing in these neurons. Molecularly, HCN1 protein, but not mRNA, was decreased in the neocortex, suggesting a post-transcriptional or translational defect (Strauss et al., 2004) . Loss of neocortical HCN1 preceded development of spike-wave discharges, and thus may be epileptogenic (Kole et al., 2007) .
Finally, correlative evidence for a role of I h in generalized epilepsy syndromes comes from research detailing the specific effects of anti-epileptic medication on I h properties. Lamotrigine, an anticonvulsant that is also particularly effective for neuropsychiatric disease such as bipolar disorder, reduced the excitability of hippocampal pyramidal neuron dendrites by upregulation of dendritic I h , a result not found with the anticonvulsants carbamzepine and phenytoin (Poolos et al., 2002) . Acetazolimide, an inhibitor of carbonic anhydrase, is an anticonvulsant used for absence epilepsy as well as some other forms of epilepsy. In TC neurons, acetazolamide depolarized the V 50 of I h due to an intracellular alkalinization, thus potentially terminating oscillatory activity in the thalamus (Munsch and Pape, 1999) . Finally, gabapentin, another antiepileptic also in use for a wide variety of other neurological disorders, also enhanced I h by increasing I h conductance without change in V 50 or kinetics (Surges et al., 2003) .
Pain
Although the vast majority of interest in I h for neurological disease has been within the epilepsy field, other lines of work have identified I h as playing a potentially important role in pain (Dunlop et al., 2009 ). I h and/or HCN channel subunits have been identified in dorsal root ganglion (DRG) neurons, Meissner's corpuscles, Merkel cells, as well as in axons of afferents to the superficial spinal dorsal horn and in motor neurons of the ventral spinal cord (Dunlop et al., 2009) . Numerous physiological studies have been performed characterizing the role of I h in these types of cells (reviewed in (Dunlop et al., 2009) ). However, relatively few reports have linked I h to the pathophysiology of pain. In general, most of this research has relied on using ZD7288 to block I h . Since ZD7288 blocks I h through all HCN channel subunit, it is unclear exactly which HCN channel subunit types might be involved in these mechanisms.
Because rhythmic discharges in the DRG are a hallmark finding following nerve transection injury, Chaplan et al. examined whether I h and HCN channels are important for generating this rhythmicity as well as whether I h blockade might provide therapeutic benefit for allodynia following such injuries (Chaplan et al., 2003) . At the behavioral level, when the spinal nerve ligation (SNL) model for allodynia was performed on rats, systemic ZD7288 administration reduced neuropathic pain behavior, whereas lumbar intrathecal administration had no such effect. Physiologically, ZD7288 significantly reduced spontaneous firing following axotomy in both Aβ and Aδ neurons without conduction block. Analysis of single dissociated large DRG neurons from SNL or control rats indicated a significant increase in I h in the SNL ganglia, accompanied by a depolarizing shift in V 50 as well as depolarized RMP. Thus, I h may contribute to neuropathic pain via its upregulation and initiation of spontaneous activity in large myelinated fibers (Chaplan et al., 2003) . Similar physiological results were obtained by recordings from DRG neurons after chronic compression, which induced upregulation of I h current density and rate of activation (Yao et al., 2003) . In contrast, findings from Doan et al. suggest that enhanced peripheral nerve firing may result from inhibition of I h (Doan et al., 2004) . These studies examined HCN channels and I h in sensory neurons isolated from rat nodose ganglion, and found that although HCN2 and HCN4 subunits were expressed in all nodose neurons, HCN1 was mainly expressed only in A-type neurons. CsCl was used to selectively inhibit I h in nodose neurons, and the resulting increase in input resistance led to increased neuronal excitability. Similarly, inhibition of I h in the aortic baroreceptor by CsCl promoted neuronal firing at pressures much lower than in control baroreceptors, which was reversed following CsCl removal (Doan et al., 2004) . It is likely that nerve injury models change the intracellular milieu in which I h is regulated, and thus make comparison of studies examining uninjured sensory nerve with animal models for chronic pain difficult. Targeted genetic deletion of HCN channel subunits may permit a more thorough understanding of the role of I h and HCN channels in chronic pain.
Luo et al. examined whether I h contributes to pain behaviors stemming from acute pain (Luo et al., 2007) . Mild thermal injury (MTI) and SNL models were performed, and systemic administration of ZD7288 inhibited spontaneous pain and tactile allodynia. Local rather than systemic delivery of ZD7288 also repressed these pain behaviors, suggesting specific effects on HCN channels expressed in mechanosensory structures (Luo et al., 2007) . Another study however using partial sciatic nerve injury or hind-paw incision and subsequent assessment of mechanical allodynia found that perineural administration of ZD7288, but not intraplantar administration, reduced pain behavior (Dalle and Eisenach, 2005) . These findings thus also demonstrate a role for I h in acute pain, although the locus of action may differ depending on injury model (Dunlop et al., 2009 ).
Conclusions and future perspectives
Here we have attempted to review the role of I h and HCN channels in a specific set of physiological and pathological roles. Through control of basic membrane properties, I h influences cellular excitability and synaptic integration, which in turn is required for basic behavior properties. Furthermore, derangement of I h and HCN channels appears to contribute to a number of neurological disorders. What then are the most intriguing questions that remain in this field? Although tremendous strides have been made in the decade following the discovery of the molecular basis of I h , future innovation will likely be spurred by a more detailed understanding of the real-time regulation of I h and HCN channel biophysics and trafficking, since this conductance is endowed with the capability to enhance or depress activity in groups of neurons. Additionally, as has been reviewed here, exactly when and how I h and HCN channel dysfunction contributes to human disease will undoubtedly remain an exciting area of future discovery. Human genetic studies have already identified significant variations in HCN channel genes potentially underlying epilepsy syndromes, and how these variations interface with acquired "h-channelopathy" is a wide-open area of research.
To conclude, we return to the question posed in the title of this review, which, albeit simplistic, summarizes much of the research aimed at understanding I h and HCN channels in neurological disorders. In animal models of various epilepsy syndromes, as well as in human tissue from epilepsy patients, we have seen that in some cases I h is too active, while in others it is not active enough. The relationship between I h and cellular excitability is one of the most fundamental questions in this area of biology. In time, further understanding of current animal models of neurological disease, development of new models even more closely mimicking human neurological conditions, and direct study of human tissue from patients, will help clarify this simple yet intriguing question.
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